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The CRISPR-Cas (clustered regularly interspaced short
palindromic repeats, CRISPR-associated genes) is an adaptive
immunity system in bacteria and archaea that functions via a
distinct self-non-self recognition mechanism that is partially
analogous to the mechanism of eukaryotic RNA interference
(RNAI). The CRISPR-Cas system incorporates fragments of virus
or plasmid DNA into the CRISPR repeat cassettes and employs
the processed transcripts of these spacers as guide RNAs to
cleave the cognate foreign DNA or RNA. The Cas proteins,
however, are not homologous to the proteins involved in
RNAi and comprise numerous, highly diverged families. The
majority of the Cas proteins contain diverse variants of the RNA
recognition motif (RRM), a widespread RNA-binding domain.
Despite the fast evolution that is typical of the cas genes, the
presence of diverse versions of the RRM in most Cas proteins
provides for a simple scenario for the evolution of the three
distinct types of CRISPR-cas systems. In addition to several
proteins that are directly implicated in the immune response,
the cas genes encode a variety of proteins that are homologous
to prokaryotic toxins that typically possess nuclease activity.
The predicted toxins associated with CRISPR-Cas systems
include the essential Cas2 protein, proteins of COG1517 that,
in addition to a ligand-binding domain and a helix-turn-helix
domain, typically contain different nuclease domains and
several other predicted nucleases. The tight association of the
CRISPR-Cas immunity systems with predicted toxins that, upon
activation, would induce dormancy or cell death suggests
that adaptive immunity and dormancy/suicide response are
functionally coupled. Such coupling could manifest in the
persistence state being induced and potentially providing
conditions for more effective action of the immune system or
in cell death being triggered when immunity fails.

Introduction

The CRISPR-Cas system employs a unique defense mecha-
nism that involves incorporation of virus DNA fragments into
CRISPR repeat arrays and subsequent utilization of transcripts of
these inserts (spacers) as guide RNAs to cleave the cognate virus
genome.' Thus, CRISPR-Cas represents bona fide adaptive
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immunity that until the discovery of this system, has not been
known to exist in prokaryotes.® However, an important distinc-
tion between CRISPR-Cas and animal immune systems is that
CRISPR-Cas modifies the organism’s genome in response to
infection and, hence, provides heritable immunity. Accordingly,
CRISPR-Cas is the most obvious known case of Lamarckian
inheritance whereby an organism reacts to an environmental
cue by generating a heritable modification of the genome that
provides an adaptive response to that specific cue.” The role in
antivirus defense that initially was predicted for the CRISPR-
Cas system on the basis of the detection of spacers identical to
short sequence segments from virus and plasmid genomes and
comparative analysis of Cas protein sequences* has been success-
fully demonstrated experimentally.® In the few years that elapsed
since this key breakthrough, the CRISPR research has evolved
into a highly dynamic field of microbiology with major poten-
tial for applications in epidemiology, biotechnology and genome
engineering.”!? The first applications of CRIPSR-Cas for genome
manipulation and gene expression programming have already
been developed.’**

The CRISPR-Cas systems are classified into three distinct
types (I, II and III)'® and several still unclassified minor vari-
ants."” This classification was developed through a combination
of sequence comparison of the Cas proteins, cas gene repertoires
and genomic organization of the CRISPR-cas loci. For each type
and subtype, a specific signature gene has been identified allow-
ing easy classification of the highly variable CRISPR-Cas loci in
the course of genome analysis.'

The mechanism of CRISPR-Cas is usually divided into three
stages: (1) adaptation, when new spacers homologous to proto-
spacer sequences in viral genomes or other alien DNA molecules
are integrated into the CRISPR repeat cassettes; (2) expression
and processing of pre-ctRNA into short guide ctRNAs and (3)
interference, when the alien DNA or RNA is targeted by a com-
plex containing a crRNA guide and a set of Cas proteins.'®'®!
The recent advances in the study of CRISPR-Cas systems are

covered in many review articles,"?

so here we present only a brief
outline of the functions and comparative genomics of prokary-
otic adaptive immunity, and discuss the likely scenarios for the
evolution of the different types of CRISPR-Cas systems. We then
focus on the basic building blocks of the three types of CRISPR-

Cas systems and summarize the current understanding of the
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Figure 1. The principal building blocks of the three types of CRISPR-Cas systems. For each Cas protein, the systematic gene name'® and (whenever
available) domain description are given. The color code for general functions is shown on the right. Homologous genes are shown by shapes of the
same color, shades denote specialized activities within the same general function. Abbreviations: LS, large sunubit (including Cas10, Cas8, Csel and
Csy1 subfamilies); SS, small subunit. The # symbol indicates putative small subunits that appear to be fused to the large subunit in several Type |
subtypes.” The $ symbol indicates that several distinct subfamilies of the Cas7 family could be present in a Cascade complex with unknown stoichi-
ometry. An asterisk indicates that the respective COG1517 family proteins contain a third effector (toxin) domain.

origin and evolution of CRISPR-Cas, and its interaction and
coevolution with other types of defense systems in prokaryotes.

Diversity and Hidden Unity
Among Cas Protein Domains

A recent comprehensive analysis of the selection factors that affect
the evolution cas genes has shown that Cas protein sequences
evolve under relaxed purifying selection, far below the genomic
mean for the respective lineages of bacteria and archaea.?® This
weakness of selective constraints results in fast evolution and
accounts for the considerable difficulty of the classification of Cas
proteins on the basis of sequence or even structural similarity.
Conventional sequence comparison partitions the Cas proteins
into more than 100 families. However, the use of more sophis-
ticated methods for sequence analysis combined with structural
comparison provided for the detection of many shared domains
between Cas protein families that were originally considered
unrelated and, thus, enabled the identification of the major build-
ing blocks for each type of CRISPR-Cas systems (Fig. 1)."%1¢17
The only two proteins that are present in all CRISPR-Cas
systems are Casl and Cas2 that together are responsible for
spacer integration.” Although both Casl and Cas2 are involved
in and are essential for the adaptation stage of the CRISPR
response, Casl appears to possess all the required enzymatic
activities. Specifically, Casl is a metal-dependent DNase that
produces DNA fragments approximately 80 base pairs in size.*®
The unique protein fold of the Casl endonuclease is the most
highly conserved domain among the Cas proteins. Accordingly,
Casl is the best phylogenetic marker for the study of the
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evolution of CRISPR-Cas systems. Generally, Casl phylogeny
correlates well with CRISPR-Cas subtype classification; only
casl genes associated with type III systems are polyphyletic.'®
Together with the fact that type III systems often accompany
Type I system within the same genome, this observation implies
that Type I1I systems might utilize the CRISPR arrays generated
by type I systems and, accordingly, the same Casl protein could
function with both CRISPR-Cas types. The only CRISPR-Cas
system that encompasses neither Casl nor a CRISPR array is
Type U for which the function and the mechanism of action
remain unclear.'®

With the exception of Casl, most of the common Cas pro-
teins contain diverse versions of the RNA recognition motif
(RRM) domain, a RNA-binding domain that is widely rep-
resented in all cellular life forms and in particular comprises
the core of diverse DNA and RNA polymerases (where it is
known as the Palm domain). Among the Cas proteins, different
variants of the RRM domain are present in Cas2 (a toxin-like
ribonuclease),"?” Casl0 (the so-called CRISPR polymerase, a
protein that is homologous to polymerases and cyclases'283
but whose actual biochemical activity remain unknown) and in
the largest group of Cas proteins known as the RAMP (repeat
associated mysterious proteins) superfamily (Fig. 2). In all Type
I CRISPR-Cas systems and in most of the Type III systems,
there is a dedicated ribonuclease for the pre-ctRNA process-
ing, typically a protein of the Cas6 family of the RAMPs. In
some cases, e.g., in the Type I-C CRISPR-Cas systems, Cas6 is
displaced by another catalytically active RAMP, in particular
Cas5.31% Type II CRISPR-Cas systems employ an unrelated
mechanism of pre-ctRNA cleavage that requires the activity
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of the double-stranded RNA-specific RNase III, a
specialized trans-encoded small RNA (tracrRNA),
which is complementary to a single CRISPR unit,
and still unidentified domains of the large Cas9
protein, 7343

In Type I CRISPR-Cas systems (at least Type I-E
and Type I-F), the endoribonuclease that catalyzes
the processing of the pre-ctRNA is a subunit of a
multisubunit (or multidomain) complex known as
CASCADE (CRISPR-associated complex for antiviral
defense).””*® The mature crRNA remains associated
with the CASCADE complex that scans the target
DNA for a match, and once one is found, cleaves the
target.?! In Type III systems (at least the model sys-
tem from the archacon Pyrococcus furiosus), the Cas6
endoribonuclease does not belong to the CASCADE

complex and functions as an independent protein.*4

CASCADE components
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Figure 2. The RRM domain, the cornerstone of CRISPR-Cas. The figure shows RRM
domain-containing proteins in CRISPR-Cas systems. The typical organization of
the operons in Type | and Type Il CRISPR-Cas loci is depicted by arrows with the
size roughly proportional to the size of respective gene. Homologous genes are
shown by arrows of same color. Color coding is the same as in the Figure 1. Gene
and family names are from references 16 and 17. Additional designations: LS, large
subunit; SS, small subunit; R, RAMPs. RRM domains are shown by pink rectangles,
with semi-transparent rectangles indicating deteriorated RRM fold. The proteins
representing families with RRM domains for which structures have been solved are

Type III CASCADE apparently is not directly

denoted by asterisks.

involved in the processing but instead binds the
mature crRNA and cleaves alien RNA.#' Moreover, in
those archaea that encode Type III along with Type I-A or I-B
CRISPR-Cas systems, Cas6 might be shared between the two
types.”’ These distinctions apart, the subunit architectures of the
CASCADE complexes in Type I and Type III CRISPR-Cas sys-
tems are similar and include a large subunit, a small subunitand a
pair of RAMPs that belong to the Cas5 and Cas7 families®>*4-44
(Fig. 1). However, the protein subunits themselves are highly
diverged.®1¢"7

Despite the high level of sequence divergence that is typical of
most Cas proteins, there appears to be a direct homologous rela-
tionship between the respective subunits of the Type I and Type
III CASCADESs.” The most complicated relationship involves
the large subunits that show no readily detectable sequence or
structural similarity between Type I and Type III CRISPR-Cas
systems.”®?® Nevertheless, the similarity in the overall archi-
tectures of these proteins (KSM, unpublished) suggests that the
large subunit of Type I systems (Csel) might be an inactivated,
highly derived form of the Type III large subunit (Cas10) that
is predicted to be an active cyclase/polymerase-like enzyme.***%
Another notable difference is that Type I CRISPR-Cas encom-
passes a single Cas7 protein that is represented by multiple copies
in the CASCADE, whereas in Type III systems there are several
paralogous Cas7-like proteins (Fig. 1).

In Type II CRISPR-Cas, a single large, multidomain protein,
Cas9, is responsible for all the functions of the CASCADE com-
plex subunits as well as the function of Cas6 (when distinct from
CASCADE).>*% The fusion of all domains that are required
for the target cleavage within a single protein makes Type II
CRISPR-Cas the system of choice for application in genome
manipulation.'*?

The target DNA cleavage in Type L, and most likely in Type
III systems," is catalyzed by homologous HD family nucleases.
In many Type III systems, the HD domain is fused to the Cas10
gene, the large subunit of the CASCADE-like complex, whereas
in Type I systems, the most common protein architecture
involved in cleavage is Cas3 in which the HD domain is fused
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to a distinct helicase domain that is essential for the interference
stage.”% Type II systems employ an unrelated mechanism that
involves two distinct nuclease domains, HNH and RuvC-like,
both contained within the Cas9 protein.”” The recognition of the
target non-self DNA is apparently mediated by the large subunit
of the Type I Cascade complex that recognizes the so-called PAM
(protospacer-associated motif) and promotes loop formation in
the target DNA.®

The Casl endonuclease, the CASCADE complex subunits
and the Cas3 helicase-nuclease are essential for the immune
function of the respective CRISPR-Cas systems. In addition, the
CRISPR-Cas loci encompass a remarkable variety of genes that
encode proteins whose mechanistic role in CRISPR-dependent
adaptive immunity remains unclear but that belong to protein
families implicated in other defense systems. These CRISPR-
associated genes include the ribonuclease Cas2, the RecB-like
nuclease Cas4, for which a 5" to 3'DNA exonuclease activity
has been demonstrated® and numerous representatives of the
COGI517 superfamily proteins that contain a helix-turn-helix
domain often combined with various enzymatic domains.*"”
Most of these proteins, in particular Cas2, contain domains that
are predicted to be nucleases and toxins, suggesting a secondary
role as associated immunity components (see details below and
ref. 51). The single-stranded RNA-specific ribonuclease activity
of Cas2 from a Type I system of the archaeon Sulfolobus solfatari-
cus has been demonstrated experimentally,” and similar results
have been subsequently obtained for the bacterium Helicobacter
pylori>* However, for the Cas2 protein from the Type I-C sys-
tem of the bacterium Bacillus halodurans specificity toward
dsDNA has been reported.® In contrast, Cas2 of the bacterium
Desulfovibrio vulgaris lacks enzymatic activity and encompasses
replacements of some of the essential catalytic residues;* similar,
supposedly inactivated forms of Cas2 were detected in several
other bacteria.* These findings emphasize the extreme func-
tional diversity of CRISPR-Cas systems and might be related to
the observations that Type I systems seem to target exclusively
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Figure 3. A parsimonious evolutionary scenario for the three types of CRISPR-Cas. Homologous genes are color-coded and identified by a family
name.'®'” Color coding is the same as in Figure 1. Genes coding for inactivated (putative) large subunits are indicated by crosses. Major evolutionary
events are shown in the corresponding branches. The figure is an updated and modified version of figure 7 in reference 17.

DNA, whereas for Type III systems, RNA targeting has been
demonstrated. "

Finally, the functions of several Cas proteins remain com-
pletely obscure. One of these is the inactivated ATPase homolog
Csn2, which binds dsDNA as a tetrameric ring; this protein is
an optional component of Type II systems*** but its function in
CRISPR-mediated immunity remains enigmatic.

Taken together, the results of comparative sequence analy-
sis, structural studies and experimental data suggest that despite
the remarkable complexity and diversity, all Type I and Type III
CRISPR-Cas systems employ the same architectural and func-
tional principles, and given the conservation of the principal build-
ing blocks (Figs. 1 and 2), share a common ancestry. It is notable,
however, that some of the essential components of the CRISPR-Cas
systems can be replaced either by homologous proteins, such as the
substitution of Cas5 for Cas6 in Type 1C CASCADE complexes.
The most dramatic transformation of the Cas protein machinery is
evident in Type II systems in which the CASCADE complex and
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the effector HD nuclease are replaced with non-homologous but
functionally analogous domains of the Cas9 protein, in particular
the HNH and RuvC-like nuclease domains.

In the recently derived evolutionary scenario (Fig. 3), only a few
evolutionary events suffice to explain the emergence of CRISPR-
Cas system types and subtypes.” Comparison of the recently
solved structures of all major components of the CASCADE com-
plexes suggests that the RAMPs and the small subunits might
have evolved, respectively, from the ancestral large subunit resem-
bling the Casl0 polymerase-like protein that contains two RRM
domains and an alpha-helical domain resembling the small sub-
unit.?®? The Casl0 protein could have evolved from an ancestor
RRM (Palm) domain-containing polymerase or cyclase, and com-
bined with the HD domain, might have originally functioned as a
CRISPR-independent defense system that would represent innate
immunity rather than adaptive immunity."”

The casl-cas2 gene pair strikingly resembles the toxin-anti-
toxin (TA) two-gene modules in that the two genes are almost
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always adjacent and Cas2 encodes a homolog of toxin mRNA
interferases.’*® It seems a distinct possibility that the Casl-Cas2
module originally functioned as an independent TA system.
Moreover, the CRISPR repeats themselves might have origi-
nated from an RNA molecule that originally antitoxin served
as an antitoxin to the Cas2 toxin analogously to Type III TA
systems.” ¢ Joining this module with the hypothetical ances-
tral CASCADE-HD system might have led to the emergence
of the adaptation stage and, accordingly, the transformation of
an innate immunity mechanism into a mechanism of adaptive
immunity (see discussion below).

The Cas9 protein is homologous to a large family of pro-
karyotic proteins that also contain both RuvC-like and HNH-
nuclease domain.” Most likely, by analogy with Cas9, these
proteins are DNases that are involved in an unknown, CRISPR-
independent innate immunity mechanism.

The ancestral Casl0-like protein and the entire subtype I11-
like CRISPR-Cas system most likely evolved in hyperthermo-
philic archaea and was subsequently horizontally transferred to
bacteria. Indeed, in archaeal hyperthermophiles, this variant of
the CRISPR-Cas system is (neatly) universal, in a sharp contrast
to the presence of CRISPR-Cas in less than 50% of archaeal

161762 Tn accord with this scenario, a

and bacterial mesophiles.
recent mathematical modeling study has shown that the benefits
of adaptive immunity are substantially greater under the condi-
tions of limited virus variability that seems to be characteristic of

hyperthermophilic habitats.®

Coupling Between Immunity and
Dormancy/Suicide Defense Systems in Prokaryotes

All archaeal and bacterial defense systems can be classified
into two major types that function on distinct principles: (1)
immune systems that discriminate self DNA from non-self
DNA and specifically destroy the non-self, in particular viral
genomes, whereas the host genome is protected, (2) systems
that induce dormancy or programmed cell suicide in response
to infection (and other forms of stress), known as toxin-anti-
265764 Most of the genomic
loci that encode adaptive immunity systems, namely all types

toxin or abortive infection systems.

of CRISPR-Cas, and innate immunity systems, such as restric-
tion-modification or DNA phosphothiolation, also encompass
genes that encode toxins, in particular nucleases implicated in
the induction of dormancy or cell death, mostly via inactiva-
tion of the translation system.” The most common among these
immunity-associated (putative) toxins are proteins containing
the HEPN (higher eukaryotes and prokaryotes nucleotide-
binding®) domain (Fig. 4). Detailed comparative sequence and
structure analysis leads to a strong prediction that the majority
of the HEPN domain possesses RNase activity.®®
immunity loci do not seem to encode antitoxins, at least not

However, the

those from well-characterized antitoxin families. There is no
indication that the toxins are mechanistically involved in the
immune functions suggesting that these immunity-associated
toxins might perform their typical function in coordination

with the respective immunity systems.”!
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According to the immunity-dormancy/suicide coupling
hypothesis, the toxins associated with immune systems induce
dormancy or cell suicide unless controlled by components of the
respective immunity system that act as antitoxins’ (Fig. 4). An
experimentally characterized case of such coupling is the interac-
tion between the Escherichia coli anticodon nuclease PrrC and
Prrl restriction-modification system.”*® The coupling of diverse
immunity and dormancy/suicide systems could have evolved
under selective pressure to provide robustness to the antivirus
response. The involvement of dormancy/suicide systems in the
coupled antivirus response might take two distinct forms: (1)
induction of a dormancy-like state in the infected cell to “buy
time” for the activation of adaptive immunity; (2) “alcruistic”
induction of dormancy or suicide as the final recourse to prevent
viral spread triggered by the failure of immunity.

The function of Cas2 would follow the first route, given that
Cas2 is essential for the adaptation stage of adaptive immunity®
and homologous to toxin interferases.” Conceivably, one of the
Cas proteins, possibly Casl, acts as an antitoxin to Cas2, but the
nuclease activity of Cas2 is switched on when the CRISPR-Cas
system encounters a new virus so that the Casl protein has an
opportunity to detect and insert a new spacer. The dormancy-
like response mediated by the activity of Cas2 and/or a COG1517
protein containing an effector domain, of which the most com-
mon are the HEPN, RelE and the PD-(D/E)xK (RecB-like)
family nucleases (ref. 51 and KSM, unpublished), would prevent
virus reproduction allowing the host the time required to prime
the immunity response, which could be a relatively slow and inef-
ficient process.

Under the second coupling mode, when an immunity system
fails and/or the level of genotoxic stress increases, the cell employs
the associated toxins for abrogation of key cell processes, typi-
cally translation, resulting in persistence or cell death. The cell
suicide in such a case can be considered altruistic, i.e., preventing
infection of other bacterial or archaeal cells within the same col-
ony or community. Conceivably, some of the toxin-like proteins
encoded within the CRISPR-Cas loci function via this route,
and it cannot be ruled out that the toxin activity of Cas2 plays
a dual role in adaptive immunity. The functional relevance of
the reported DNase activity of Cas2 from B. halodurans® in the
context of this scheme remains to be determined. Furthermore,
some versions of Cas2 in Type I and Type II systems are predicted
to be inactivated nucleases,* possibly suggestive of an alternative
mechanism of toxin-like activity.

Remarkably, a plasmid-encoded CRISPR-Cas system con-
taining a RelE toxin in place of Cas2 has been recently identified
in Lactococcus lactis® (Fig. 4). This finding reinforces the link
between CRISPR-Cas systems and TA systems and is compatible
with the hypothesis of adaptive immunity and programmed-cell
death/dormancy mechanisms coupling.”

Concluding Remarks
The study of the CRISPR-Cas response has been one of the most

dynamic areas of microbiology in the past 5-6 y. The CRISPR-
Cas systems embody two fundamental biological phenomena,
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Figure 4. Hypothetical coupling of the CRISPR-mediated adaptive immunity with the persistence/cell suicide response. The genes are depicted by
black arrows. Persistence/cell suicide-related genes are shown in green shades. Homologous genes are shown by the arrows of same color. The PD-
(D/E)xK (RecB-like) endonuclease, VapD/Cas2 endoribonuclease and predicted endoribonuclease HEPN domains®'® are indicated above the corre-

adaptive immunity and Lamarckian inheritance, the first of
which has not been previously recognized in prokaryotes,
whereas the second had been generally considered non-existent.
In retrospect, several additional phenomena, in particular, at
least some forms of horizontal gene transfer, can be recognized as
“quasi-Lamarckian” but CRISPR-Cas arguably remains the most
clear-cut case for this mode of evolution.” Notably, however, the
CRISPR-Cas response also might involve a substantial selective
component whereby numerous spacers are initially incorporated
in response to virus infection but only a few are fixed in the host
population.”

684 RNA Biology

Although many key molecular details of the CRISPR-Cas
mechanism have been deciphered, in particular, the structure and
function of the CASCADE complexes, other important aspects
of the CRISPR-Cas function remain to be understood, especially
with respect to self-non-self discrimination. The cas genes are
subject to weak selection pressure and, accordingly, are among
the fastest evolving genes in prokaryote genomes. Accordingly,
most of the Cas proteins show limited sequence conservation so
that sophisticated sequence and structure comparison methods
are essential to establish homologous relationships. Nevertheless,
the presence of diverse versions of the RRM domain in most of
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the Cas proteins provides for unification of these proteins into
families and superfamilies and for a relatively simple evolution-
ary scenario that accounts for the origin of the three types of
CRISPR-Cas systems from a stand-alone, CRISPR-independent,
CASCADE-like innate immunity system and a toxin-antitoxin-
like Casl-Cas2 module.

In addition to several proteins that are directly implicated in
the adaptive immunity response, the cas genes encode a variety
of proteins that are homologous to prokaryotic toxins, most of
which possess nuclease activity. The predicted toxins associated
with CRISPR-Cas systems include the essential Cas2 protein
and several other predicted nucleases. The tight association of
the CRISPR-Cas immunity systems with predicted toxins that,
upon activation, would induce dormancy or cell death implies
functional coupling between adaptive immunity and dormancy/

suicide response. Such coupling could involve induction of a
persistence-like state that could provide for more effective action
of the immune system or in induction of cell death when immu-
nity fails. This immunity-dormancy/suicide coupling hypothesis
implies many experimentally testable predictions on the biologi-
cal functions of Cas proteins.
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